Large-Scale Estimation of Transport from the Pacific to the Indian Ocean by Potemra, James T. et al.
University of South Florida 
Scholar Commons 
Marine Science Faculty Publications College of Marine Science 
12-15-1997 
Large-Scale Estimation of Transport from the Pacific to the Indian 
Ocean 
James T. Potemra 
University of Hawaii 
Roger Lukas 
University of Hawaii 
Gary T. Mitchum 
University of South Florida, mitchum@usf.edu 
Follow this and additional works at: https://scholarcommons.usf.edu/msc_facpub 
 Part of the Marine Biology Commons 
Scholar Commons Citation 
Potemra, James T.; Lukas, Roger; and Mitchum, Gary T., "Large-Scale Estimation of Transport from the 
Pacific to the Indian Ocean" (1997). Marine Science Faculty Publications. 44. 
https://scholarcommons.usf.edu/msc_facpub/44 
This Article is brought to you for free and open access by the College of Marine Science at Scholar Commons. It has 
been accepted for inclusion in Marine Science Faculty Publications by an authorized administrator of Scholar 
Commons. For more information, please contact scholarcommons@usf.edu. 
JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 102, NO. C13, PAGES 27,795-27,812, DECEMBER 15, 1997 
Large-scale estimation of transport from the 
Pacific to the Indian Ocean 
James T. Potemra and Roger Lukas 
Department of Oceanography, University of Hawaii, Honolulu 
Gary T. Mitchum 
Department of Marine Science, University of South Florida, St. Petersburg 
Abstract. The objective of this model-data intercomparison is to determine the 
feasibility of deriving an useful index for fluctuations in the Pacific to Indian Ocean 
throughflow volume transport. Due to insufficient direct observations and the 
present limitations in numerical models, accurate estimation of variations in the 
throughflow transport on seasonal to interannual timescales is not yet possible; 
however, an index based on weighted, monthly mean sea level anomalies in different 
regions of the western Pacific and eastern Indian Oceans is presented. Numerical 
model results and sea level from the TOPEX/POSEIDON altimeter show that the 
large-scale pressure gradient forcing of the throughflow is controlled by the Pacifir 
Ocean side on interannual timescales, and by a combination of Indian Ocean and 
Pacific Ocean processes on seasonal to annual timescales. The model throughflow 
is maximum in boreal summer (11 Sv) and minimum in boreal winter (4 Sv) with 
a 9-year mean of 7.4 Sv. These values are within the range of various estimations 
of throughflow transport, and they agree in phase. Of the 7.4 Sv model transport, 
almost 1.8 Sv is due to direct, local wind forcing (based on Ekman calculations). 
Interannual fluctuations from E1 Nifio-S0uthern Oscillation activity are associated 
with increases in throughflow transport during cold events and decreases in transport 
during warm events. Using empirical orthogonal function analysis and results from 
previous studies, an index of the throughflow variability is developed using model 
sea level and model transport. Sea level in four regions is found to be sufficient to 
index the model throughflow variations: south of Java, northwest of Australia, in 
the Pacific warm pool and off the coast of the Philippines. A regression technique 
applied to the model sea level at these locations yields an index which correlates 
with the model throughflow at 0.83. The same weights applied to sea level in 
similar regions from the TOPEX/POSEIDON altimeter correlate with the model 
throughflow transport at a level of 0.78. 
1. Introduction 
The existence of net flow from the Pacific Ocean to 
the Indian Ocean through the Indonesian seas has been 
known since the seminal work of Wyrtki [1961]; how- 
ever, the volume transport and its variability still have 
not been adequately quantified [Godfrey, 1996]. It is 
thought hat this Indonesian throughflow (ITF) has im- 
portant climate implications both regionally and glob- 
ally. Thus it is desirable to not only quantify the ITF 
and its variability, but to monitor it in the long term. 
This paper describes a remote sensing approach to a 
sea-level-based index of ITF transport. 
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Wyrtki [1987] first proposed such an index using in 
situ observations, noting that the driving force for the 
ITF is provided by the pressure head between the west- 
ern equatorial Pacific and the region (here called the 
Indo-Australian Basin) of the eastern Indian Ocean to 
the north of Australia and west of the Timor Sea. He 
estimated this driving force by using the mean dy- 
namic height difference (16 dyn cm relative to 1000 
dbar) between the far western equatorial Pacific and 
the Indo-Australian Basin using historical hydrographic 
data [Levitus, 1982]. 
To estimate the variability of the ITF, the pressure 
difference between the Pacific and Indian Oceans was 
inferred from the observed monthly sea level anomalies 
at coastal tide gauge stations at Davao, Mindanao Is- 
land (Philippines), and at Darwin, Australia. It should 
be noted that Wyrtki [1987] suggested that sea level 
variations along the south coast of Java would have 
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been more suitable than those at Darwin for capturing 
the variability in the driving force, due to the vigor- 
ous upwelling which occurs there during the southeast 
monsoon. However, such observations were not avail- 
able. The resulting sea level index for the ITF ranged 
from-9 to 46 cm during the period 1977-1984, with 
an average annual cycle of 9 to 23 cm. The phase 
of the annual cycle compared well with the numerical 
model results of Kindle et al. [1987, 1989], but the 
interannual variations were quite different, and Wyrtki 
[1987] did not attempt to calibrate the sea level index 
in terms of volume transport. Interannual variability 
of the sea level index did not show a good correspon- 
dence with model E1 Nifio-Southern Oscillation (ENSO) 
events, which Wyrtki [1987] believed was due to large- 
scale convergence patterns in the wind field associated 
with ENSO, with the result that sea level was affected 
over a broad area without substantially affecting the 
pressure head. 
Clarke and Liu [1994] provided a basis for under- 
standing the lack of an ENSO signal in Wyrtki's [1987] 
sea level index, explaining that the sea level patterns 
associated with the annual cycle and those associated 
with interannual variations are quite different and that 
the simple sea level difference between Davao and Dar- 
win cannot adequately represent both timescales. In 
particular, these off-equatorial coastal sites are only in- 
directly related to the equatorial waveguide variations 
in the Indian and Pacific Oceans associated with ENSO. 
Because of the limited number of relevant tide gauge 
sites with long time series, there was not much prospect 
of developing a better sea level index. 
Now, with the availability of high quality satellite 
timetry data provided by the TOPEX mission, the pos- 
sibility exists to develop a more accurate representation 
of the pressure head which drives the ITF and to mon- 
itor it as long as such remotely sensed sea level is avail- 
able. In this study, a numerical model is used in con- 
junction with the TOPEX data to identify regions of sea 
level variability on annual and interannual timescales. 
Due to complex boundaries and coupled processes that 
occur in this region, and the lack of observations for cal- 
ibration and validation, numerical models are not yet 
capable of reproducing verifiable, accurate throughflow 
variations. It is suggested here, however, that a model 
be used to identify key regions that are thought to con- 
trol the pressure-driven aspect of the throughflow. Once 
these regions have been identified, the model index can 
be validated against its own throughflow transport vari- 
ability. A multiple linear regression (MLR) technique 
is used to optimally fit the sea level at these locations 
to the model throughflow transport. The weights deter- 
mined from the MLR fit are then applied to the TOPEX 
data at similar locations. In the following section, the 
strategy for developing the throughflow transport index 
and the data used are described. Next, the throughflow 
variability from the model is detailed. The derivation 
of the index is then outlined and applied to the model 
and TOPEX sea level fields. Finally, some discussion 
on future work is presented. 
1.1. Strategy for Sea-Level-Based Monitoring 
Our primary objective is to develop a sea-level-based 
index of the ITF volume transport for use in ongoing 
monitoring of this important ocean circulation feature 
and for use in understanding the ITF variability in rela- 
tion to the interannual variations of the western Pacific 
warm pool. An important issue is to determine which 
fraction of the ITF transport is attributable to large- 
scale pressure gradients and which portion is due to 
directly wind-driven transport. Neither Wyrtki [1987] 
nor Clarke and Liu [1994] addressed the directly wind- 
forced component of transport variation, which may be 
important on both annual and interannual timescales. 
Even an optimal sea level index cannot monitor the di- 
rectly wind-driven component of ITF transport varia- 
tions. 
There are relatively few direct measurements of ITF 
transport [e.g., Fieux et al., 1994, 1996; Molcard et al., 
1994], and there are no such time series of sufficient du- 
ration to address interannual variability. The longest 
time series of estimated ITF transport is that of Mey- 
ers et al. [1997] using expendable bathythermograph 
(XBT) temperature profiles, historical temperature and 
salinity relationships and geostrophy along a ship route 
between Australia and Indonesia. While this time se- 
ries is several years long, it has a relatively short overlap 
with the TOPEX/POSEIDON data. There are also is- 
sues of the reference level and barotropic flow. Until 
direct time series measurements of transport are suffi- 
ciently long, a "bootstrap" approach is necessary. Be- 
low, we describe the strategy that we are pursuing. 
The starting point in the approach to an altimet- 
ric sea level index for the ITF transport is to iden- 
tify an ocean general circulation model (OGCM) which 
(1) has physics appropriate to the problem, (2) is large 
in scale (has a domain with tropical and extratropical 
Pacific and Indian Oceans), (3) has adequate resolu- 
tion, and (4) is forced by realistic winds. The $emtner 
and Chervin [1988, 1992] Parallel Ocean Climate Model 
(POCM) was deemed adequate, as is described below 
in section 1.3. 
Once the dominant patterns of sea level variability 
associated with significant ITF variability are indenti- 
fled within the model, sea level at key locations (aver- 
aged over some region to reduce noise) is then corre- 
lated with simultaneous model ITF transport to obtain 
least squares estimates of their weight in determining 
the pressure head. The model in this study needs to 
have accurate physics, but the performance of the model 
in the Indonesian seas need not be exact. Following 
Wajsowicz [1996], the throughflow can be viewed as an 
electric circuit where flow through straits is analogous 
to resistors. Here the interest is in the total resistance 
supplied by all the straits. 
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Once the sea level index has been developed within 
the POCM framework, the scheme is applied directly to 
TOPEX/POSEIDON observations. Ultimately, it will 
be desirable to independently test the skill of the sea- 
level-based ITF index by comparison against simultane- 
ous transport observations. It may also be necessary to 
include in situ sea level in order to capture the ampli- 
tude maxima that frequently occur along coasts where 
the altimeter errors are relatively large. 
1.2. TOPEX/POSEIDON Altimetric 
Observations 
The TOPEX/POSEIDON satellite carries a radar al- 
timetry system specifically designed to measure sea level 
variability. The satellite was launched in August 1992 
and has returned very high quality data since October 
1992 with relatively few gaps. A variety of data pro- 
cessing procedures must be performed to the raw data 
stream [Fu et el., 1994], resulting in sea level height 
variability which has an estimated average accuracy of 
4-5 cm [Mitchurn, 1994]. Errors are significantly higher 
in areas where tidal models are not accurate enough to 
eliminate aliasing by unresolved tidal variability, such 
as on the continental shelf of northwest Australia and 
within the Indonesian seas. Hopefully, future improve- 
ments in tidal models will make this point mute. Ob- 
servations are available along the satellite ground tracks 
(see Figure 1) at intervals of 10 days. 
1.3. The Parallel Ocean Climate Model 
The $emtner and Chervin [1988, 1992] POCM is 
based on a multilevel, primitive equation formulation, 
and it parameterizes vertical mixing by a Richardson 
number scheme. The version used here has a mean 0.4 ø 
resolution (Figure 2) and 20 vertical levels. A com- 
plete description of the model parameters is given by 
Stemmet et el. [1996]. 
When the prescribed horizontal eddy viscosity is suf- 
ficiently small, the mean horizontal grid spacing of 0.4 ø 
allows for explicit representation of instabilities that 
mix momentum, heat, salt, and other processes. In 
these cases, the model permits the existence of large- 
scale (100 kin) eddies. The model was forced with daily 
European Centre for Medium-Range Weather Forecasts 
(ECMWF) 10 m winds for the period between Jan- 
uary 1987 and December 1995, with prescribed surface 
heat fluxes [Bernier et el., 1995] treated as a restor- 
ing force to climatological [Levitus et el., 1994a,b] SST. 
This model has explicit free surface height variability 
and contains adequate horizontal and vertical resolu- 
tion for the large-scale aspects of the ITF. The model 
has a maximum depth of 6000 m and uses an approxi- 
mation of the actual bathymetry corresponding to the 
model resolution. 
Many of the passages into the Indonesian seas are re- 
solved in the POCM, with the exception of the Lombok 
Strait (between Lombok and Bali), which is only one 
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Figure 1. Regional map showing locations of TOPEX/POSEIDON observations used in this 
study, illustrating the ground track coverage. Gaps are in areas where the estimated noise/signal 
ratio is too high to be useful, largely due to poor tidal modeling or lack of useful observations 
due to rain. 
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Figure 2. $emtner and Chervin [1992] model grid (surface layer) in the Indonesian seas. 
Shaded grid cells are land, while open grid cells represent ocean. Actual land outlines are shown 
by irregular black lines. 
grid point wide. Its contribution to the ITF [Murray 
and Ariel, 1988] is not resolved in this model. Ad- 
ditionally, the model Torres Strait (between Australia 
and New Guinea) is unrealistically deep (50 m) in the 
model. The POCM cannot address the controlling 
physics within the narrow straits and channels of the 
interior Indonesian seas. For example, it does not in- 
clude the important influence of the very strong tidal 
mixing within the Indonesian seas [Ffield and Gordon, 
1992]. 
2. Throughflow Variability 
2.1. Sea Level Variability 
In Figure 3 the wind climatology for the region and 
the POCM surface current streamlines are shown for the 
southeast monsoon and the northwest monsoon. Sea 
level differences between these extremes are largest in 
the Indo-Australian Basin and the South China Sea, 
while changes in the western equatorial Pacific are rel- 
atively small, especially near the western boundary. 
However, the surface flows in the western equatorial Pa- 
cific show a complete reversal of the zonal flow at the 
extremes of the monsoon (Figure 3). Such a flow re- 
versal is also seen in the Indo-Australian Basin, though 
the flows there are largely meridional. These monsoonal 
surface current variations suggest he importance of Ek- 
man transports for the annual cycle. 
Model sea level has been favorably compared to ob- 
servations using tide gauge data on a global scale [T ok- 
makian, 1996]. Here comparisons will be made only at 
locations of interest for this study. One such compari- 
son is via empirical orthogonal function (EOF) decom- 
position of the model sea level field and the TOPEX al- 
timeter data. This serves both as a check of large-scale 
model sea level and also to identify regions of variability 
in the sea level field that should be incorporated into 
the ITF index. 
Ten-day output from the POCM for 1993 and 1994 
(coincident with the TOPEX/POSEIDON mission) were 
compared via separate EOF analyses. Plate i shows 
the first three EOFs from the POCM and the altimeter. 
The first two EOFs reproduce the annual cycle in both 
the model and altimeter records and account for almost 
40% of the variance in each. Similarities in both the 
time series and spatial patterns can be seen. Regions 
exhibiting the most variability appear to be the western 
Pacific warm pool, the southern coasts of Sumatra and 
Java, the west coast of Australia, and the southern sub- 
tropical Indian Ocean. The time series have correlation 
coefficients of 0.97 (POCM EOF i to TOPEX EOF 2) 
and 0.71 (POCM EOF 2 to TOPEX EOF 1) at one 
month lag. 
The third EOFs account for 9% of the total vari- 
ance in both the model and the altimeter signal. This 
EOF shows the difference between records for the two 
years, with large negative amplitudes during 1993 and 
positive values during 1994 which coincide with known 
ENSO activity. The POCM and TOPEX spatial pat- 
terns match fairly well, and the two time series have a 
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Figure 3. Mean wind and ocean circulation i the ITF region. (top) Mean ECMWF 10 
m winds. A scale is given at the lower right of each panel. (bottom) Mean POCM velocity 
streamlines for the top 100 m of the model (four levels). The left side of each is the mean July 
and the right side is the mean January (for the wind, the mean is from 1985 through 1995, and 
for the velocity, the means are taken from 1987 through 1995). 
maximum correlation of 0.76 at 1 month lag. Most vari- 
ability is seen in the western Pacific warm pool, off the 
west coast of Australia, and along the southern coast of 
Sumatra and Java. The western Pacific and Australia 
are in phase with each other and out of phase with the 
Indonesian signal, consistent with the results of Wyrtki 
[1987] and Clarke and Liu [1994]. 
The EOF spatial patterns not only show an agree- 
ment between model and remote observations, but also 
serve to identify regions of sea level variability that 
could be used for the ITF index. In this case, the key 
regions seem to be the western Pacific warm pool, the 
southern coasts of Sumatra and Java, and the north- 
western Australian coast. It would be reasonable, there- 
fore, to base the ITF index on a combination of sea level 
signals from at least these locations. 
2.2. Analysis of Model Throughflow 
Given that the POCM captures significant aspects of 
the dominant modes of sea level variability, the next 
step is to develop a sea level index for the model ITF. 
This requires an understanding of the temporal and ver- 
tical structure of the ITF and ultimately the dynamics 
controlling the ITF variability. For this work, the flow 
in each strait need not be accurate, as long as the total 
net throughflow is and that storage of water in the re- 
gion is not an issue. The flow through each strait and 
the total sum are therefore outlined here. 
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Plate 1. (left) First three EOFs of POCM free surface elevation and (right) the 
TOPEX/POSEIDON altimetric sea level height, for the period January 1993 through December 
of 1994. The scale for the spatial patterns is given on the right (in centimeters), and the corre- 
sponding time series is given below each EOF map. The vertical placement was chosen to match 
temporal-spatial patterns. 
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Figure 4. Model geometry and section locations. Model land points are shaded, and the 
sections where transport calculations were made are shown. The numbers correspond to those in 
Table 1. 
The POCM velocity fields were used to compute 
transport into and out of the Indonesian seas. Velocity 
was sampled along specific transects (Figure 4), and 
the normal component of flow along these sections was 
integrated from surface to bottom (model values in each 
grid cell were summed along each track). 
All transport calculations were made along sections 
south of the equator. The input of water to the Indone- 
sian seas was measured along five zonal sections between 
2 ø S and 3 ø S, and through a meridional section along 
142 ø E. Output was measured along four sections. All 
values are summarized in Table 1. 
Section I is the strait between Sumatra and Kali- 
mantan, referred to here as the Karimata Strait. In 
the model resolution this strait is 22 km 2 in cross- 
sectional area, 50 m deep, and slightly more than 400 
km wide. The model-derived velocity through this sec- 
tion is about 6 cm s -x in the mean, but exhibits a large 
seasonal fluctuation on the western side (along Suma- 
tra). The western meridional velocity is about 20 cm 
s -• toward the north in July and 20 cm s -x toward the 
south in January. This velocity results in a northward 
transport of 1.2 Sv in July, a southward transport of 4.0 
Sv in January, and a long-term mean of 0.70 Sv toward 
the south (into the Indonesian seas). 
Section 2 runs between Kalimantan and Sulawesi (the 
Makassar Strait). This strait is about 265 km widc and 
500 m deep (more shallow on the western side of the 
strait), with a cross ection of 56 km 2. Velocity through 
this section is northward on the western side (about 25 
cm s -x in December and January) and southward on 
the western side along the coast of Sulawesi (about 25 
cm s -x in June through August). Transport through 
the section averages 2.13 Sv toward the south (during 
model years 1987 through 1995), with peaks of 4 to 6 
Sv during boreal spring and summer and reversal (up 
to 4 Sv toward the north) in January. This transport 
is exactly out of phase with flow in the Karimata Strait 
(which is southward in January). This is a result of 
Table 1. Model Sections for Transport Calculations 
Depth, Area, Transport, 
No. Section m km 2 Sv 
I Karimata Strait 50 22 -0.70 
2 Makassar Strait 510 56 -2.13 
3 Molucca Strait 4500 1432 -3.44 
4 Manipa Strait 710 98 0.04 
5 Ceram Strait 1335 195 0.18 
6 Torres Strait 50 15 -1.37 
7 Timor Strait 1335 223 -0.10 
8 Ombai Strait 1000 196 -6.95 
9 Lombok Strait 185 30 0.00 
10 Sunda Strait 50 7 -0.32 
All values are based on the model configuration; neg- 
ative values indicate southward or westward flow. The 
section numbers correspond to those in Figure 4. 
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flow around the island of Kalimantan, which is clock- 
wise around the island in austral summer and counter 
clockwise in austral winter (Figure 3). 
Section 3 is the most open, and most of the water 
that goes into the Indonesian seas enters through it (in 
the model). This section is the Molucca Strait, and it 
is between Sulawesi and Buru. The cross sectional area 
along 3 ø S in the model is 1432 km 2 (396 km wide and 
4500 m deep). Velocity through this strait is mostly in 
the top 200 m and has more of an interannual signal 
than annual. Mean flow is about 5 cm s -1 toward the 
south, but in early 1987, 1992, and 1993 it is northward 
at 15 cm s -1. Flow is generally stronger on the western 
side of this strait. The mean transport is 3.44 Sv toward 
the south. 
The last two sections along 3 ø S, sections 4 and 5, 
are small in the model, and the transport is low. The 
Manipa Strait, between the islands of Buru and Ceram, 
has a cross sectional area of 98 km 2. In the model the 
strait is about 44 km wide and 700 m deep. The mean 
transport is about 0.04 Sv northward. The other strait 
is between Ceram and New Guinea, the Ceram Strait. 
This strait is only 15 km 2 in the model, and the trans- 
port is 0.18 Sv toward the north. 
The final inflow section, section 6, is along the Tor- 
res Strait, between New Guinea and Australia. Even 
though the strait is very shallow (50 m) and narrow 
(132 km), the velocity can be quite large (30 cm 
and the mean transport is 1.37 Sv toward the west. This 
signal also has a large seasonal component, with 2 Sv 
toward the east in January and 4 Sv toward the west in 
July. Figure 5 shows the transport time series as com- 
puted from the model. This flow must be considered 
unrealistic due to the exaggerated model topography. 
The sum of these six sections matches the total out- 
flow from the Indonesian seas (hereinafter referred to 
as the throughflow). The components of the through- 
flow are broken down into four straits. The Lombok 
Strait, between Lombok and Bali, is resolved by only 
one model grid point, and consequently there is no flow 
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Figure 5. Inflow transports in Sverdrups. Section locations are given in Table 
values indicate southward or westward flow (i.e., flow into the Indonesian seas. 1. Negative 
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through it. The major contribution to the throughflow 
is through the Ombai Strait (section 8) between Timor 
and Flores. The strait is only 196 km 2 in cross section, 
but the velocity is large (about 50 cm s-X). The mean 
transport is 6.95 Sv toward the south. 
The remaining two straits, between Australia and 
Timor, and the Sunda Strait (between Sumatra and 
Java), account for less than 0.5 Sv. In the case of the 
Sunda Strait, it is because the strait is very small (7 
km2). In the case of the Timor Sea, the transport is 
low due to a large seasonal signal in the velocity, which 
reverses direction. In January it is toward the east, and 
in April it is toward the west. The outflow transports 
are shown in Figure 6. 
The total throughflow is computed as a sum between 
sections 7 through 10 (although in the model, section 
9 has zero transport). The resulting throughflow has a 
mean of 7.4 Sv over the 9-year model run (1987 through 
1995). Figure 7 shows the model-derived transport and 
its annual harmonic. The throughflow was also mea- 
sured using model velocities normal to a section from 
Java to Australia, with little difference between this sec- 
tion and the sum of the transports from the aforemen- 
tioned straits. In order for the transport to change ap- 
preciably from one section to the next, sea level would 
need to change by an unrealistic amount. Therefore 
storage of water in this region does not seem to be an 
issue on these timescales. 
This net throughflow agrees quite well with the mod- 
eling results of !noue and Welsh [1993] and Masumoto 
and Yamagata [1996], and with the observations of Mey- 
ers [1996]. The seasonal cycle, similar to observations, 
shows minimum transport during January and Febru- 
ary and maximum during July and August [Fieux et al., 
1994, 1996]. It should be noted that a relatively large 
fraction of the nonseasonal variability in throughflow 
transport is of short timescale. Maximum throughflow 
transport of 15 Sv occurs during the La Nifia years (e.g., 
1988, 1994). The minimum transport occurs during E1 
Nifio (e.g., 1991, 1992, 1993), with weak transport into 
the Indonesian seas. This is consistent with the theo- 
retical discussion by Clarke and Liu [1994]. During E1 
Nifio years, sea level decreases in the warm pool, and 
thereby the pressure difference between the Pacific and 
Indian Ocean is diminished, along with the throughflow. 
During the La Nifia years 1988-1989, the reverse case 
occurs. These results are also seen in the XBT data of 
Meyers et al. [1995]. 
2.3. Ekman and Geostrophic Transports 
A calculation of Ekman transport through a section 
from Java to Australia using the 10 m ECMWF winds 
from 1987 through 1997 (the same winds used to force 
the POCM) shows that the ageostrophic portion of the 
ITF transport is not insignificant (1.8 Sv on average 
(Figure 8)). It has a strong seasonal signal, sometimes 
as large as 5 Sv. Interannual variations of the Ekman 
component of model ITF are no larger than the noise of 
month-to-month Variations. The model ITF, after sub- 
traction of the Ekman transport through the section, is 
geostrophic to within the errors of transport computa- 
tion on the model grid. For this study, indexing schemes 
are derived using both the total model ITF transport 
and the model transport with the Ekman transport re- 
moved (model "geostrophic" transport). 
Since the model ITF transport is nearly geostrophic, 
a simple indexing scheme would be to use the difference 
in sea level on either side of the Indo-Australian Basin 
(e.g., difference in sea level along south coast of Java 
and the northwest coast of Australia). Figure 9 shows 
how the sea level in the model changes along both these 
coastlines, making it difficult to find an appropriate lo- 
5 
7. Timør Sea ,, ,', 
-5 
-10 
-15 8. Ombai Strait 
0 
-5 
-10 
-15 
0 
-5 -, , i , , • i , , • i , , , i , , , i • , , i , , , i • , I , -10 
-Ja5• 4987 jan i988 Jan 1989 Jan 199o Jan 1991 Jan 1992 Jan"1993 Jan 1994 Ja'n 1995 
Figure 6. Outflow transports in Sverdrups. Section locations are given in Table 1. Negative 
values indicate southward or westward flow (i.e., flow out of the Indonesian seas. 
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cation to compute a geostrophic calculation. In addi- 
tion, tide gauge records are not extensively available, 
particularly along the southern Sumatra-Java coast. 
In the model, at monthly mean intervals, the sea level 
anomalies along the northwest coast of Australia (from 
20 ø S, 120 ø E, to 11 ø S, 135 ø E) are coherent. Generally, 
sea level is higher than average in May-June and lower 
than average in December-February. This model sea 
level annual cycle, though, lags the observations by 2 
months [Wyrtki, 1987]. This is due to either problems 
with the surface forcing in this region [Stammer et al., 
1996] or a problem with the model physics on the broad, 
shallow shelf along the northwest coast of Australia. 
Since the shelf is shallow, wind effects would be more 
dominant in this region. 
The signal from the southern Indonesian coastline, 
taken from 106 ø E, 7 ø S to 121 ø E, 10 ø S, is less coherent 
from east to west but still shows a strong annual cycle. 
In this case the annual cycle is out of phase with that 
of the Australian coastal sea level. Higher than average 
sea level appears in February, and lower than average 
occurs in August. 
POCM mean sea level anomalies along each coastline 
exhibit strong annual and semiannual signals (Figure 
10). These two frequencies dominate the northwestern 
Australian sea level signal. The Indonesian sea level 
signal also has significant peaks at interannual (48 and 
18 month) periods, with less energy in the annual and. 
semiannual frequencies. This agrees with the hypothe- 
sis of Wyrtki [1987] as well as the work by Clarke and 
Liu [1994]. 
3. Sea Level Index Development 
Due to insufficient observations along the coastline 
bordering the Indo-Australian Basin, and the di•culty 
of determining an appropriate location for a geostrophic 
calculation based on sea level difference, a different ap- 
proach is suggested here. The model results are used 
1962- 
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Figure 8. The 10 m ECMWF winds from 1987 through 1995 were used to compute Ekman 
transport (dotted line). The total model depth-integrated transport is given by the dashed line, 
and the difference between the two is the solid line. 
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Figure 9. Sea level anomalies (in centimeters) from the model, as measured along the coast. 
The abscissa is distance in kilometers along the coast. The left panel is measured along the 
northwestern Australian coast, from 120 ø E, 20 ø S eastward. The right panel is along the southern 
coasts of the Sunda Islands from 106 ø E, 7 ø S eastward. Sea level higher than average is shaded. 
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(middle) along the northwestern Australian coast (thin lines). These are means of the sections 
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to determine regions affecting the Pacific-Indian Ocean 
pressure difference. Sea level at these regions is then 
combined and fit to the model throughflow variations. 
If the model physics is sufficient, observed sea level at 
these same regions would combine in a similar way to 
index the observed ITF variability. 
First, large-scale pressure differences between the Pa- 
cific Ocean and Indian Ocean are estimated using the 
Wyrtki [1987] approach. Mean sea level anomalies over 
four model grid points were computed at two locations 
(131.0 ø E, 11.3 ø S, corresponding to Darwin, and 126.6 ø 
E, 7.0 ø N, corresponding to Davao). The difference in 
model free surface elevation between Davao and Darwin 
(Figure 11) is shown in Figure 12. 
As noted earlier, the sea level anomalies at Dar- 
win (northwestern Australia) lag the observed sea level 
anomalies (from tide gauge data) by 2 months. The 
observed annual cycle has sea level higher than average 
in February and March, and lower than average dur- 
ing July and August. The model maximum anomaly 
is during May and June, while the minimum is during 
January and February. Stammer et al. [1996] conjec- 
ture that the ECMWF wind forcing accounts for this 
lag at Darwin. 
As in the Wyrtki [1987] study, this difference matches 
well with the annual cycle of throughflow transport but 
misses some of the larger interannual components. The 
long-term sea level difference from the model is uncorre- 
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Figure 11. Australasian regional map indicating the locations of POCM free surface height 
anomalies used in developing the model transport index. 
lated to both the model total and geostrophic transport 
(correlation of 0.24 and 0.14, respectively). In an at- 
tempt to address the interannual variations in the ITF, 
the difference in sea level between the Pacific warm pool 
and along the Indonesian coast in the Indian Ocean were 
examined, following Clarke and Liu [1994]. 
Mean sea level anomalies were computed over four 
model grid points at a region south of Java and in the 
Pacific warm pool (Figure 11). This difference picks 
up the larger interannual changes, in agreement with 
Clarke and Liu [1994]. The model sea level difference 
between these two locations has a correlation coefficient 
of 0.60 to the model geostrophic flow. 
To get a complete picture, the sea level index of the 
ITF variability developed here incorporates all four loo 
cations: the warm pool and Davao in the Pacific, and 
Darwin and along the southern coast of Indonesia in the 
Indian Ocean. 
Sea level from the POCM at the two tide gauge sites 
(Davao and Darwin) was averaged over four model grid 
points. For the south Java and Pacific warm pool in- 
dices, sea level was averaged over a larger region. In 
the warm pool, 200 model grid points were used, cor- 
responding to a region 9 ø by 4 ø along the eastern side 
of New Guinea. For the South Java signal, a mean was 
computed over 40 model grid points, a strip 8 ø by 2 ø, 
along the South Java coast. 
Sea level anomalies from the four locations described 
above were fit to the model ITF transport anomalies us- 
ing a multiple linear regression (MLR) technique [Chel- 
ton, 1983]. The model sea level anomalies at these 
four locations were normalized to have unit variance, 
then fit to the model transport variations. Anomalies 
were fit to ITF variations, since any application with 
observed or remotely sensed data would only be able 
to estimate variations. The procedure was carried out 
using both the total model transport and "geostrophic" 
model transport at various lags. 
The basis functions, i.e., normalized model sea level 
anomalies at the four locations, are shown in Figure 
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Figure 12. (top) Model transport aken along a section from Java to Australia, with the Ekman 
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13. In the case where Ekman transport is removed, 
the warm pool and south Java signals are combined as 
before. Sea level anomalies at south Java (weighted by 
1.35) minus the warm pool (weighted by 0.91) give large 
ITF anomalies (Pacific to Indian Ocean transport is a 
negative number), as do those at Darwin (weighted by 
0.32) minus Davao (weighted by 1.32). 
VI•rF - 1.35 r/•j - 0.91 r/•vr 
+0.32 r•)A a --1.32 r•)A v (1) 
where 
VI•rF depth-integrated ITF transport anomalies from 
the POCM with Ekman flow removed; 
r/•j sea level anomalies averaged over a region south 
of Java, normalized to have unit variance; 
•/•vP sea level anomalies averaged over a region in the 
western Pacific warm pool, normalized to have 
unit variance; 
r•)A a sea level anomalies at Darwin, northwest Aus- 
tralia, normalized to have unit variance; 
•AV sea level anomalies at Davao, Philippines, nor- 
malized to have unit variance. 
In the case where Ekman transport is included, the 
warm pool sea level signal is again weighted by -0.91, 
but the South Java signal is weighted more heavily 
(2.40). The Davao signal is also weighted close to the 
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Figure 13. POCM sea level signals for the regions identified in Figure 11. The signals have 
been normalized to unit variance, and the weights for the signals are given in each panel. 
same (-1.41) while the Darwin signal weight is reduced 
to -0.23. The index, then, can be represented as 
Vz•r, - 2.4 •/•a - 0.91 
-0.23 /]•AR- 1.41 /]•AV (2) 
The signals from the warm pool are consistent with 
ENSO activity. The large increase in throughflow in 
1995, however, seems to be reflected more in the south 
Java signal, suggestive of an Indian Ocean source. 
Sea level anomalies south of Java have a mixture of in- 
terannual and annual periods. This region is under the 
influence of seasonally reversing monsoon winds. Dur- 
ing boreal summer and fall, there are strong southeast- 
erlies, which cause offshore flow from Java. This would 
be reflected in higher sea levels. There are also semi- 
annual Kelvin waves that propagate along the coast, 
forced by the monsoon transition in the equatorial In- 
dian Ocean and the resulting Wyrtki jet [Gill, 1982]. 
The multiple linear regression fit of these sea level 
anomalies to the total and geostrophic model transport 
anomalies are shown in Figure 14. The correlation 
coefficient R of the index and model ITF transport is 
0.83. For the fit to the model transport with Ekman 
transport removed, the correlation coefficient is 0.71. 
Both of these numbers, as well as the R 2 values, are 
significant at the 95% level. Most of the unexplained 
variance seems to occur at higher frequency. It could 
be expected that with more stations (basis functions) 
an even higher correlation could be achieved. 
Finally, the sea level anomalies from the TOPEX al- 
timeter data were used in equation (2). Ideally, the re- 
sult should be compared to observed throughflow trans- 
ports. Since there are insufficient records for such 
a comparison, the result is compared to the POCM 
transport anomalies. Figure 15 shows the index from 
TOPEX sea level and the model transport. The two 
time series have a correlation of 0.78. The 5-day TOPEX 
data were averaged to monthly mean to compare with 
the POCM data, but Figure 15 shows the raw data. 
4. Discussion and Future Work 
The first objective of this work was to identify appro- 
priate processes important for controlling ITF trans- 
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Pacific to the Indian Ocean. 
port variations. Comparison of the POCM data to 
TOPEX altimetry shows that the large-scale pressure 
forcing (reflected in sea level variations) acts on dif- 
ferent timescales in different regions. The interannual 
fluctuations of the ITF appear to be controlled on the 
Pacific Ocean side. Annual fluctuations are controlled 
both by warm pool variability as well as Indian Ocean 
pkocesses. An optimal indexing scheme therefore would 
require data on both sides of the ITF region. 
The model throughflow has an annual harmonic with 
a peak in boreal summer (11 Sv) and a minimum 
in boreal winter (4 Sv). Fluctuations on interannual 
timescales show the ITF to increase during E1 Nifio 
(e.g., 1986-1987, 1991, 1992, 1993) and decrease during 
La Nifia (e.g., 1988-1989). The annual cycle can be ex- 
plained by direct forcing of the monsoons, which are in 
the direction of the throughflow during July and August 
and oppose it in December and January. The interan- 
nual variability is a response to the large-scale pressure 
changes associated with ENSO. During E1 Nifio the sea 
level in the western Pacific is reduced, and likewise the 
pressure gradient from the Pacific to the Indian Ocean 
is reduced. The reverse is true during La Nifia. 
It was demonstrated, using both the ECMWF wind 
field (over a different time period) and the model re- 
sults, that the directly wind-driven component of the 
throughflow was not always negligible. The long-term 
mean is almost 1.8 Sv, but the annual variations can 
contribute as much as 5 Sv to the ITF during the bo- 
real summer. 
Nevertheless, it has been shown that sea level signals 
over a few well-chosen regions can reasonably index the 
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Figure 15. ITF index based on TOPEX sea level anomalies. The solid line shows the index 
and the dotted line shows the model ITF transport variations. The TOPEX data are displayed 
at 5-day intervals while the model ITF is monthly mean. 
ITF transport. Using just a geostrophic approximation 
to the ITF is not sufficient, due to the complex dynam- 
ics involved on the Indonesian side of the region. Sea 
level on this side does, however, have more of an inter- 
annual signal than the Australian side. Consequently, 
an index based on four regions is weighted most by the 
Indonesian and warm pool regions and less heavily by 
the Davao-Darwin sea level difference [Wyrtki, 1987]. 
A better analysis of factors controlling the throughflow, 
and an expansion of the above outlined MLR technique, 
would result in a larger correlation. 
Addition of in situ coastal sea level (where altimetric 
sea level has high noise levels due to tide model prob- 
lems) may be desirable to obtain a better estimator. 
It may also be advisable to extend the index to include 
variable regional wind stress, if reliable data can be rou- 
tinely obtained. A plan for calibration and verification 
of the ITF sea level index against direct in situ volume 
transport measurements must be developed to gain suf- 
ficient confidence in the utility of the index. 
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